An active feedforward control system has been developed to reduce the road booming noise that has strong nonlinear characteristics. Four acceleration transducers were attached to the suspension system to detect reference vibration and two loudspeakers were used to attenuate the noise near the headrests of two front seats. A leaky constraint multiple filtered-X LMS algorithm with an IIR-based filter that has fast convergence speed and frequency selective controllability was proposed to increase the control efficiency in computing power and memory usage. During the test drive on the rough asphalt and turtle-back road at a constant speed of 60 km/h, we were able to achieve a reduction of around 6 dB of A-weighted sound pressure level in the road booming noise range with the proposed algorithm, which could not be obtained with the conventional multiple filtered-X LMS algorithm.
I. INTRODUCTION
Active noise and vibration control with feedforward strategy [1] [2] [3] has been widely used in several practical applications such as the engine or exhaust noise control in passenger vehicles, passenger ships, turbo machinery, aircraft and vibration isolation systems. 4 -11 One of the most difficult applications in which to implement active control is road booming noise attenuation [12] [13] [14] [15] [16] because of the nonlinear characteristics of road data and sensitivity of the transducer location on the control performance. Several studies [17] [18] [19] [20] were carried out to estimate the control performance and select the location of reference transducer, error microphone, and loudspeakers for better performance in road-noise control. Because the road-noise characteristic is much different from one car to another and the transfer path from the tire to interior acoustics is complicated, the location of transducers for optimal reduction of noise and the expected reduction cannot be generalized for passenger vehicles. Road booming noise also has nonstationary characteristics caused by various road profiles and the change of driving speeds.
This paper sets out a strategy for attenuation of the road booming noise of a specific mid-size passenger vehicle with a 2000 cc engine; selection of the location and number of reference signals, appropriate positioning of control speakers, development of an efficient control algorithm for the experiment. Reference transducers and control speakers were optimally positioned by the experimental estimate of control performance using the multiple coherence function. An effective control algorithm is also developed to concentrate the control effort on the booming noise frequency band and increase the convergence speed. The hardware-in-the-loop simulation and experimental result are presented and the proposed control algorithm is compared with the conventional ͑constraint͒ filtered-X LMS algorithm through the simulation and experiment.
II. CHARACTERISTICS OF ROAD BOOMING NOISE
The nonstationary vibrations of front and rear wheels are generated by nonuniform road profiles and the change of vehicle speed. They propagate though the tire and complicated suspension system and finally generate structure-borne noise, impulsive noise, and other low frequency noise in the interior of the passenger vehicle. These noises lead to acoustical resonances in the interior of the passenger car and such resonant noise is called ''road booming noise.'' There are several characteristics of road booming noise. First, the independent vibrations of four wheels generate it. So, it is hardly reduced by ANC with just one or two reference sensors. Second, the properties of road booming noise change continuously as the vehicle speed or road profile varies. The system from the wheel vibration to road booming noise is not linear because of the complexity of suspension system, transfer path, and the nonlinear interaction between vibration and sound, etc. It causes the road booming noise characteristics of each vehicle to be distinctive. Thus, the active control of road booming noise in the actual road test is rather difficult to achieve than the control in the laboratory setup.
The sound pressures of various road booming noises were detected from the microphone near the driver's headrest inside the vehicle while driven over some road profiles at several different speeds and its spectrum is shown in Fig. 1 . No sports wheels were fitted. Four standard tires were attached to the test vehicle. It is hard to recognize the characteristics of booming noise from the original spectrum, but after A-weighting, the road booming noise component appears at around 250 Hz. On turtle-back, concrete, and rough asphalt roads at various vehicle speeds, the peak near 250 Hz did not change while those of other low frequencies were shifted. The undesired noise was influenced by the cavity mode behavior of the test vehicle. ' the noise is structure-borne. We did not test the correlation between the booming noise and the internal tire resonance.
III. SELECTION OF REFERENCE SIGNALS AND POSITIONING OF LOUDSPEAKERS
In order to select a set of reference transducers that offers the largest potential sound pressure level reduction, the multiple coherence method is generally used. 21 From the multiple coherence function, the incoherent output can be estimated as
where S nn is the incoherent output, ␥ xy 2 is the multiple coherence function between the input and output, and S yy is the uncontrolled output spectrum. The incoherent output is the sound pressure level at the error microphone that is not coherent with the input transducer. Therefore, the incoherent output can be used to determine the maximum reduction in sound pressure level a particular set of input transducers is capable of achieving. The maximum potential noise reduction in decibels is NRϭϪ10 log͑1Ϫ␥ xy 2 ͑ f ͒͒. ͑2͒
Road tests with various vehicles have shown that the ordinary coherence is often poor, less than 30%, between the signals from each individual accelerometer attached to the structure and the interior sound pressure signals. Several studies 14 -20 had already used multiple reference signals to increase the coherence.
In order to determine the location and number of reference transducers to get a satisfactory reduction level of road booming noise for the passenger car, the following experiment was performed. Before the experiment, we selected sixteen possible candidates for a set of accelerometer locations in the suspension system, as shown in Fig. 2 . The eight possible locations for the front and rear suspensions are symmetric. First, we got an error signal from a microphone placed on the driver's headrest and three acceleration signals from a triaxial accelerometer attached to each candidate location while driving on the asphalt road at a constant speed of 60 km/h. The maximum possible reduction level for each reference candidate is listed in Table I . The result shows that it is hard to attenuate the road booming noise over 3 dB with only one triaxial accelerometer. Thus, by using four triaxial accelerometers, we got twelve reference signals and a microphone signal driving under the same condition. The accelerometers were located at position C for the front right and left suspension system and position A for the rear system on which it was easy to attach the sensors because the maximum reduction level for each position was similar. Multiple coherence functions were calculated for several combinations of acceleration signals and Fig. 3 shows the results. Because of the limited calculation power in real-time control process, the number of reference signals was limited to six. Comparing the results, it was found that the maximum attenuation of about 6 dB of the road booming noise band could be achieved with the front right and left acceleration signals ͑six channels͒. The front sound field was hardly correlated to the rear acceleration signals but to the front signals only in the booming frequency range, and the rear sound field was correlated to the rear signals only. From this experiment, for the case of a passenger car, an efficient positioning of six reference signals was decided on the two lower arms of the front wheels. The accelerometer signals for reference selection were not measured for turtle-back road drives because the booming noise for turtle-back road has particular frequency components, which are proportional to the vehicle speed under 200 Hz and do not appear for other roads. The reference locations determined by the coherence test for the turtle-back road may not be adequate for the general road condition.
Because the noise reduction level and convergence parameter of the LMS-based algorithm are affected by the secondary paths, 22 the appropriate positioning of loudspeakers was also determined using the measured reference and error microphone signals, which contain the primary and secondary path information.
23 Figure 4 shows the experimental setup to determine the loudspeaker position. The road booming noise control system can be written as
where E( f ) is an error vector in frequency domain, A( f ) is the road booming noise, B( f ) is a filtered reference, and W( f ) is an adaptive filter. The information of transfer functions between the control speakers and error microphone is included in B( f ), which depends on the speaker positions. The transfer functions were estimated for positions A, B, and C off-line. For each set of speaker locations, we calculated the optimum solutions of W( f ) and the expected noise reduction levels from Eq. ͑3͒. The six accelerometers determined from the reference selection were used in the determination of speaker locations. Consequently, around 5-6 dB reduction could be expected when the speaker was located at the bottom behind the two front seats, i.e., position B.
IV. CONTROL ALGORITHMS

A. Leaky constraint multiple filtered-X LMS "CMFX LMS… algorithm
A filtered-x LMS ͑FX͒ LMS algorithm has been widely used in control applications. It is well known that the delay in the secondary path decreases the upper limit of convergence coefficient in this algorithm, so it is not as fast as an LMS algorithm in convergence of adaptive filter to the optimal solution. In order to reduce nonstationary signals effectively, a fast convergent algorithm is needed to track the FIG. 2. Accelerometer locations: ͑a͒ front right suspension system ͑symmet-ric with front left͒; ͑b͒ lower arm of front right suspension system ͑symmet-ric with front left͒; ͑c͒ rear right suspension system ͑symmetric with rear left͒. 25 independently. It uses the constraint error instead of the error signal so that the time invariant assumption in the filtered-x LMS algorithm is not needed. Consequently, in the presence of a secondary path, the CFX LMS algorithm 26, 27 recovers the upper limit of convergence coefficient that had been lowered by the delay in the secondary path.
In order to attenuate the road booming noise with a CFX LMS algorithm, it is necessary to extend the algorithm for a system with N references, K control speakers, and M error microphones. The mth error e m (k) and constraint error e m Ј (k) are expressed as
where d m (k) is the undesired noise signal at the mth microphone, x n (k) is the nth reference, w kni is the ith coefficient of the FIR-type adaptive filter
Ϫi whose input is the nth reference and whose output goes to the kth control speaker, and h mk j is the jth coefficient of the secondary path H mk (z), i.e., H mk (z) ϭ ͚ jϭ1 jϭL h h mk j z Ϫ j , which is located between the kth control speaker and the mth error microphone. The constraint error e m Ј (k) can be calculated by modifying e m (k) by eliminating d m (k) from Eqs. ͑4͒ and ͑5͒.
The weights in the CMFX LMS algorithm are updated by the steepest descent method. Derivation of the CMFX LMS algorithm that tries to minimize the cost function
To increase the stability bound and tracking performance, a leakage factor 28 was added in the update algorithm. The leaky CMFX LMS algorithm is summarized in Table II . The signal f x mkn (k) is a filtered signal of x n (k) through the error path 
B. Leaky CMFX LMS algorithm with an IIR-based filter
When an FIR structure is used for an adaptive filter in active noise control, it needs a sufficiently large number of filter weights to achieve satisfactory control performance, especially for a lightly damped system. Using an IIR structure with a smaller number of weights can reduce the necessary computation power; however it may have instability or nonlinearity problems on updating the filter weights. In order to avoid these problems, an IIR-based filter, 29, 30 which is a linear combination of fixed stable IIR filters, was proposed.
The selection of IIR bases is very important in a systemidentification point of view. First, we need to consider the orthogonality between IIR bases, which means the impulse responses of IIR filter bases are orthogonal to each other. Otherwise, each weight of an IIR-based filter gives undesirable coupling effects in the updating process. If each IIR filter base has its own dominant frequency range, it is possible to control the undesired noise only in the selected frequency range. We can select the control frequency range by using these IIR filter bases appropriately. To get a decaying impulse response, exponential sine or cosine functions having their own dominant frequencies are considered as the impulse responses of an IIR filter base. These functions are not exactly orthogonal to each other, but approximately orthogonal if damping is small. We chose two elementary IIR filter bases as follows:
where the impulse responses of B i,c (z) and B i,s (z) are e Ϫ i t cos i t and e Ϫ i t sin i t in continuous-time domain, respectively. The time constant, i , determines the decaying speed of the impulse response and it is an important design parameter affecting the control performance. Two IIR bases, B i,c (z) and B i,s (z) with real coefficients, represent an IIR base with a center frequency i . The overall controller structure from the reference input to the control output using IIR bases is schematically drawn in Fig. 5 .
Let us define B i (z) with one pair of base filters as follows:
To consider L frequency components in the IIR-based filter, there must be L IIR filter bases of Eq. ͑7͒. Denoting y nk (k) as the control output to the kth secondary source due to the nth reference input, y k (k) can be obtained as the summation of y nk (k) for nϭ1,2,...,N as follows:
where
Scalar controller coefficients w kni,c (k) and w kni,s (k) are adaptive weights of u ni,c (k) and u ni,s (k), respectively. u ni (k) is the ith IIR filter output of x n (k) and its dimension is 2ϫ1-like that of B i (z). Because the proposed IIR-based filter does not have any nonlinearity or instability problems on updating the filter weights unlike the conventional adaptive IIR filters, it is easier to model a lightly damped system with an IIR-based filter.
Using this filter instead of an FIR filter, the mth error and constraint error can be written as follows:
͑13͒
The leaky CMFX LMS algorithm with an IIR-based filter that tries to minimize the cost function e 1 Ј 2 (k)ϩe 2 Ј 2 (k) nϭ1,2,...,N, mϭ1,2 Table III , and its block diagram is presented in Fig. 6 .
The filtered-u ni (k) signal through H mk (z), denoted as f u mkni (k), can be calculated as follows: 
V. HARDWARE-IN-THE-LOOP SIMULATION
The locations of the reference accelerometers, error microphones, and control speakers that had been determined in Sec. III were applied to the hardware-in-the-loop simulation and experiment. Two x direction ͑lateral͒ acceleration signals from the front wheels were not used on account of the limitation of calculation power, because the lateral motion has minimal correlation with interior noise. Accelerometers were attached symmetrically on the lower arms of front left and right wheels to measure the accelerations of the y and z directions ͑longitudinal and vertical͒. Two error microphones were located at the outer ears of two front seats and two commercial loudspeakers were positioned behind the front seats. The control performance is not sensitive to the nearby change of loudspeaker locations. It can be shifted slightly for manufacturer's convenience. Thus, we developed an ANC system of four references, two secondary speakers and two error microphones, on the test car with the 2000 cc engine. Before carrying out a hardware-in-the-loop simulation, we recorded four accelerations and two error microphone signals while driving on a turtle-back road at a constant speed of 60 km/h. The simulations were carried out playing the record tape. Figure 7 illustrates the overall setup for hardware-inthe-loop simulation. Two microphone signals that are considered as the undesired noises and four reference signals were low-pass-filtered with cut-off frequency of 500 Hz and then A/D converted with a sampling frequency of 1000 Hz. A 2 ϫ2 secondary path was identified using two secondary speakers located behind the front seats. We carried out simulations using a DSP board equipped with a TMS320c40 chip.
The lengths of adaptive filters and the secondary path model with FIR type were 130 and 50, respectively. Nine IIR base pairs with center frequencies of 230, 235, 240, 245, 250, 255, 260, 265, and 270 Hz and damping coefficient of i ϭ25 are selected. IIR bases were concentrated on the road booming noise range. Figure 8 shows the spectrum of the error microphone signal before and after control at the front right seat while driving on a turtle-back road at a speed of 60 km/h. Every sound pressure spectrum is A-weighted. It is easy to observe that the road booming component appears around 250 Hz from the noise spectrum of ''before control.'' Although the CFX LMS algorithm has better control performance than the conventional FX LMS for this application, 16 little reduction of noise was obtained with the nϭ1,2,...,N, mϭ1,2,. ..,M at k step CMFX LMS algorithm while 5 dB of the peak value was reduced using the IIR-based filter in the road booming frequency range. There is no change out of the road booming frequency range when IIR-based filter is used. Driving at constant speed, the road booming noise was still nonlinear ͑in detail, time varying͒ because of the road condition, the complexity of suspension, transfer path, and interconnection between the vibration and sound. No reduction can be achieved for a small convergence coefficient with the MFX LMS algorithm and diverged rapidly for a small increment of convergence coefficient even in driving at a constant speed. If the booming noise had been time invariant for a constant driving speed, it could have been reduced with a conventional algorithm. The calculation powers of the two algorithms are almost equal. In this simulation, it is verified that the IIR-based filter is more efficient than an FIR filter for road booming noise which is concentrated in a narrow frequency band. The length of the adaptive filter could not be increased more than 130 because of the calculation limit of the DSP hardware. For reference, the FIR filter length could be increased up to 300 taps and the reduction of 2 dB at the booming frequency was achieved for one secondary source and one error microphone configuration. The reason for the poor performance of the 4ϫ2ϫ2 CMFX LMS is thought to be the insufficiency of the adaptive filter length. In most discrete-time control systems, the sampling frequency is usually chosen to be ten times the control target frequency for better performance. But in this application, we cannot raise it up over 1000 Hz on account of computation power although the control target frequency was about 250 Hz. Even if the sampling frequency is decreased in order to increase the filter length, the performance will be severely degraded. Reducing the number of filter coefficients while increasing the reference signal also degraded the performance in this simulation. Better performance can hardly be expected with an increasing number of references, as shown in Fig. 3 . Another important reason is that the FIR filter tries to reduce error signals with more weighting for higher power components in the least-squares sense. The power of road booming noise under 200 Hz is dominant inside the car, so FIR adaptive filters will try to attenuate these low frequency components first. Since there is little coherence between the references and error signals in this frequency range, the weights of the adaptive filter fluctuate rapidly, thus consuming much of the control efforts. The effort to attenuate road booming near 250 Hz is comparatively small despite of higher coherence than in the low frequency range. These make the performance of the CMFX LMS algorithm worse in this application. To enhance the performance using the FIR filter, every reference signal was high-pass filtered, with a cut-off frequency of 150 Hz, and about 2-3 dB reduction of road booming noise was obtained, still below the reduction level of the IIR-based filter.
VI. EXPERIMENT
Real-time experimentation was executed while driving two types of road profiles ͑rough asphalt road and turtle-back road͒ at a constant speed of 60 km/h. Performance of the proposed CMFX LMS algorithm using an IIR base filter is compared with that using the conventional FIR filter. Filter length and all other parameters are chosen to be the same in the hardware-in-the-loop simulation for both algorithms. The overall experimental setup is presented in Fig. 9 .
The attenuation of overall level of the A-weighted spectrums is plotted in Fig. 10 . Spectrums of e(k) before control, and after control using the FIR filter and IIR-based one are represented with a dotted line, solid line, and thick solid line, respectively. The conventional CMFX LMS algorithm achieves no remarkable reduction, and even the increment of the noise level is observed for the turtle-back road profile. It is because the signal power of the road booming component in the error microphone signal before A-weighting is significantly smaller than that of the noise component under 200 Hz as found in the hardware-in-the-loop simulation. A 5-6 dB reduction was achieved at the two error microphone positions in road booming frequency region near 250 Hz when the IIR-based filter was used. There is no apparent change of noise level out of the booming frequency range where IIR bases are not located. Because of the road booming noise characteristics, the CMFX LMS algorithm using a FIR filter tried to reduce low frequency range and little sound attenu- ation was achieved, whereas the IIR-based filter reduced noise effectively in the range of road booming. The x direction accelerometers of the front suspension position ''C'' may give some benefit to the turtle-back road results for 80 and 140 Hz peaks, but if such a reference location is selected, it is hard to expect enhanced control performance for the other road conditions, except for a turtle-back road. Thus, we did not select the x direction accelerometers of the front suspension position ''C.'' Road booming noises without/with control for a turtle-back road are greater and harsher than those for a course asphalt road. But the controlled sounds were slightly better than the uncontrolled sounds. Global reduction was not achieved in this study because only two error microphones were attached in front of the car. In order to achieve global reduction, more reference signals detected from the rear suspension system and error microphones would be needed, but the calculation power requirements would be increased substantially.
In this application, the sweet spot is located in a sphere with a diameter of 35-40 cm for 250 Hz noise, so if a driver moves his/her head, he/she can move outside the zone of cancellation with this single-input single-output configuration.
VII. CONCLUSION
Active control of road booming noise using four references, two control speakers, and two error microphones was investigated in the paper. The objective was to attenuate the road booming noise near the headrests of two front seats inside a passenger car. The characteristics of road booming noise of this car were examined and it was found that around 250 Hz was the dominant frequency range of booming noise for the test car. Four reference accelerometers were attached to both sides of the lower arms of the front wheels to maximize the reduction level through multiple coherence analysis. Two loudspeakers were also positioned appropriately to increase the control efficiency considering the primary and secondary paths. A leaky CMFX LMS algorithm with an IIR-based filter was adopted as a fast convergent and efficient algorithm having frequency-selective controllability to reduce time-varying signals effectively. Driving turtle-back and asphalt roads at a constant speed of 60 km/h, a 5-6 dB reduction of road booming noise was achieved at the error microphone positions through the hardware-in-the-loop simulation and experiment with the proposed control system. Comparable reductions could not be obtained with a MFX LMS algorithm or a CMFX LMS algorithm mainly because of the computational power limit. The proposed control system demonstrates the technical feasibility of active control of the road booming noise.
FIG. 10. Experimental results:
Sound pressure level before and after control at the ͑a͒ right and ͑b͒ left error microphone driving on a turtle-back road, at the ͑c͒ right and ͑d͒ left error microphone driving on an asphalt road at a constant speed of 60 km/h
